The interaction between TEM-1 β-lactamase and antibiotics is very important in the hydrolysis of antibiotics. In the present study, the recognition and binding of TEM-1 β-lactamase with three β-lactam antibiotics, including penicillin G, cefalexin and cefoxitin, was investigated by fluorescence and ultraviolet-visible absorption spectra in combination with molecular docking in the temperature range of 278-288 K and under simulated physiological conditions. The results demonstrated that the fluorescence emissions of TEM-1 β-lactamase were extinguished by static quenching and the energy of TEM-1 β-lactamase was transferred in a non-radioactive manner. The binding of TEM-1 β-lactamase with the three antibiotics was a spontaneously exothermic process, with binding constants of 1.41x10 7 , 7.81x10 6 and 5.43x10 4 at 278 K. Furthermore, binding was driven by enthalpy change and the binding forces between them were mainly hydrogen bonding and Van der Waals forces. A TEM-1 β-lactamase only bound with one antibiotic at a time and the binding capacity between them was closely associated with the functional groups and flexibility in the antibiotics. In addition, a conformational change occurred in the TEM-1 β-lactamases when they bound with the three antibiotics and TEM-1 β-lactamase-antibiotic complexes were formed. The present study provided an insight into the recognition and binding of TEM-1 β-lactamase with β-lactam antibiotics, which may be helpful for designing a novel substrate for TEM-1 β-lactamase and developing novel antibiotics that are resistant to the enzyme.
Introduction
Some superbugs accurately catalyze the hydrolysis of the β-lactam ring in β-lactam antibiotics through their target enzyme, TEM-1 β-lactamases, and thereby lead to the antibiotics losing efficacy against them (1) . The recognition and binding of TEM-1 β-lactamase with the antibiotics is a precondition for the hydrolysis of the antibiotics (2) . Furthermore, β-lactam antibiotics have been widely used as therapeutic agents in the treatment of bacterial infections. These antibiotics share a structural characteristic, a four-membered β-lactam ring, and are able to irreversibly bind to the active sites of penicillin-binding proteins, thus inhibiting these bacterial proteins from synthesizing cell walls and leading to cell death (3, 4) . However, the widespread overuse of β-lactam antibiotics, such as in clinical treatment and animal farming, has resulted in the emergence of antibiotic-resistant bacteria, which has become a serious worldwide clinical issue (5) . Various bacteria have developed effective defense mechanisms against β-lactam antibiotics by producing β-lactamases, which are able to effectively catalyze the hydrolysis of the β-lactam ring in β-lactam antibiotics (6) (7) (8) .
Based on sequence similarity, β-lactamase has been subdivided into four classes: Classes A-D (9) . β-lactamases belonging to classes A, C and D are active-site serine enzymes, and those belonging to class B require a metal (typically Zn 2+ ) for their catalytic activity. The class A TEM family is one of the most commonly identified plasmid-mediated β-lactamase families within Gram-negative bacteria (10) . Through the deprotonation of the side-chain OH group, the Ser70 residue of the TEM β-lactamase in the active site is activated by Glu166 to form Ser70-Ω-loop, which subsequently opens the β-lactam ring through acylation with the β-lactam carbonyl group (11, 12) . TEM-1 β-lactamase is predominantly produced by Escherichia coli that are resistant to ampicillin, and is regarded as the ancestor of the TEM family (13) . Furthermore, TEM-1 β-lactamase has strong hydrolysis ability against penicillin and first generation cephalosporin (14) . When the TEM-1 β-lactamase catalyzes the hydrolysis of the β-lactam ring in β-lactam antibiotics, the first step is the recognition and binding of the enzyme with antibiotics, accompanied by structural change (14) . Subsequently, hydrolysis of the β-lactam antibiotics and expulsion of the products occurs (14) . The former is a physical process and is necessary preparation for the latter chemical process.
However, there is little research on the recognition and binding between TEM-1 β-lactamase and antibiotics. A study by Wang et al (15) demonstrated structural insight into the kinetics and DeltaCp of interactions between TEM-1 β-lactamase and β-lactamase inhibitory protein Spectroscopic analysis and docking simulation on the recognition and binding of TEM-1 β-lactamase with β-lactam antibiotics (BLIP) . Furthermore, a study by Legendre et al (16) used TEM-1 β-lactamase as a scaffold for protein recognition and assays. They demonstrated that TEM-1 β-lactamase was useful in replacement of enzyme-conjugated antibodies in enzyme-linked immunosorbent assays or in other applications that utilize enzyme-conjugated antibodies. A study by Hanes et al (17) explored the specificity and cooperativity of β-lactamase at position 104 in TEM-1/BLIP and SHV-1/BLIP interactions and established a quantitative understanding of the determinants of affinity in protein-protein interactions. Additionally, a study by Cheong et al (18) utilized TEM-1 β-lactamase with wild-type activity as a rapid drug sensor for in vitro drug screening, and developed a novel fluorescent drug sensor through the combined strategy of Val216→Cys216 mutation and fluorophore labeling. Furthermore, a study by Phichith et al (19) demonstrated that the tryptophan residue of Pep90 was of crucial importance for its inhibitory activity to both TEM-1 β-lactamase and penicillin-binding proteins. Through engineering allosteric regulation, a study by Mathieu et al (20) demonstrated that the binding of a ligand to the hinge region of TEM-1 β-lactamase was able to modify the positioning of hinge regions and modulate their activities.
Developing novel and potent β-lactam antibiotics insensitive to TEM-1 β-lactamases is extremely important in view of the clinical threat that we currently face (21) . Fluorescence spectra are selective, highly sensitive and easy to operate when analyzing conformational changes of enzyme molecules, and microenvironment changes of amino acid residues (22) . Ultraviolet-visible (UV-Vis) absorption spectra have been demonstrated to have advantages when investigating the quenching mechanism of the enzyme-ligand complex, allowing for the binding constant and the number of binding sites to be obtained (23) . Therefore, the aim of the present study was to explore the recognition and binding of β-lactamase with β-lactam antibiotics. In order to do this, TEM-1 β-lactamase was selected as a model enzyme and three typical β-lactam antibiotics, including penicillin G, cefalexin and cefoxitin, were selected as model antibiotics. Recognition and binding investigations were performed using fluorescence and UV-Vis absorption spectra in combination with molecular docking under simulated physiological conditions. The present study may provide a guideline for the research and development of novel antibiotics that are resistant to TEM-1 β-lactamase enzymes.
Materials and methods
Reagents. TEM-1 β-lactamase was purchased from Alpha Diagnostic International, Inc., (San Antonio, TX, USA). Penicillin G, cefalexin and cefoxitin were purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany) and used without further purification. Na 2 HPO 4 and NaH 2 PO 4 were purchased from Tianjin Kermel Chemical Reagent Co., Ltd., (Tianjin, China). Solutions of antibiotics and TEM-1 β-lactamase were prepared in phosphate buffer solution (0.020 mol/l; pH 7.0) and were kept in the dark in a refrigerator. Other chemicals were analytical grade reagents and double-distilled water was used throughout the study.
Instruments. Fluorescence measurements were performed with a Hitachi Model F-4500 spectrofluorometer (Hitachi, Ltd., Tokyo, Japan) equipped with a 150 W xenon lamp (Hitachi, Ltd., Tokyo, Japan). All absorption spectra were obtained on a UV-2550 dual-beam UV-Vis spectrophotometer (Hitachi, Ltd.). The pH values of each solution were measured using a pHS-3C pH meter (Shanghai Rex Instrument Factory, Shanghai, China) equipped with a combined glass electrode. The FA-2004 precision electronic balance was from Mettler Toledo (Zurich, Switzerland).
UV-Vis absorption measurements. At 278 K, various concentrations of penicillin G, cefalexin and cefoxitin solutions were added to TEM-1 β-lactamase solution (5x10 -6 mol/l). The concentrations of the three antibiotics were gradually increased from 0 to 25x10 -6 mol/l. Following mixing and interaction for 2 min, the UV-Vis absorption spectra were recorded on a spectrophotometer with a slit of 2 nm and scanning speed of 400 nm/min using 0.02 mol/l phosphate buffer (pH 7.0) as a reference. The scanning range was set to 200-400 nm.
Fluorescence emission measurements. The fluorescence emission measurements were performed at temperatures of 278, 283 and 288 K. The excitation wavelength was separately set at 278 and 295 nm. Furthermore, the concentration of TEM-1 β-lactamase solution was stabilized at 2.5x10 -7 mol/l, and the content of penicillin G varied between 0 and 11.25x10 -8 mol/l at intervals of 1.25x10 -8 mol/l. Additionally, the excitation and emission slit widths were all set at 10 nm. In total, 0.02 mol/l phosphate buffer (pH 7.0) was subtracted to correct background fluorescence. Synchronous fluorescence spectra were also recorded with increasing concentrations of antibiotics by setting wavelength difference (Δλ)=60 nm for tryptophan residues and Δλ=15 nm for tyrosine residues. Furthermore, the excitation slit width was 5 nm and the emission slit width was 10 nm.
The inner filter effect was estimated according to the following equation:
In this equation, F corr was the correct fluorescence intensity that would be measured in the absence of inner-filter effects, F obs was the measured fluorescence, and d ex and d em were the cuvette path length in the excitation and emission direction (in cm), respectively. A ex and A em were the measured change in absorbance value at the excitation and emission wavelengths, respectively, caused by ligand addition (in a 1-cm path length cuvette) (24) .
Determination of potassium iodide (KI) quenching of the fluorescence spectrum. At 278 K, ten TEM-1 β-lactamase solutions (2.5x10 -7 mol/l) were prepared. Following this, a certain volume of KI solution, which contained 2.0 mmol/l Na 2 S 2 O 3 as the reductant, was separately added to the above solutions and their fluorescence emission intensities were measured. The concentration of KI added in solution was increased gradually from 0.01-0.09 mol/l, and the TEM-1 β-lactamase solution in the absence of KI was used as a blank control.
Molecular docking. The known crystal structure of TEM-1 β-lactamase [Protein Data Bank (PDB) code, 1ZG4] was downloaded from the RCSB PDB (www.rcsb.org/pdb).
Pretreatments, including the deletion of water molecules and heteroatoms, and the addition of hydrogen atoms, were performed using the Molecular Operating Environment v. 2008.10 (MOE; Chemical Computing Group, Inc., Montreal, QC, Canada). Three-dimensional structures of the antibiotics were built using ChemDraw Ultra v. 8.0 (CambridgeSoft; PerkinElmer, Inc., Waltham, MA, USA). The minimized energy structures of antibiotics were obtained by MOE and the resultant geometries were read in AutoDock v. 4.2 software (Scripps Research Institute, La Jolla, CA, USA) in a compatible file format, from which the required files were generated in AutoDock 4.2. The semi-flexible docking process was adopted in the initial rigid treatment of TEM-1 β-lactamase and freely rotating antibiotic molecules, as described in a previously published study (25) . Furthermore, molecular docking was conducted using the AutoDock v. 4.2 suite of programs, which utilizes the Lamarckian Genetic Algorithm, a hybrid of a genetic algorithm with an adaptive local search (26) . The lowest binding energy conformation was determined out of 50 different conformations for each docking simulation, and the resultant minimum energy conformation was applied for further analysis. PyMOL 1.5.0.3 (Schrödinger, LLC, New York, NY, USA) and MOE software packages were then used for the visualization of the docked conformations (27, 28) .
Results and Discussion
Binding of TEM-1 β-lactamase with the three antibiotics UV-Vis absorption. In the presence of various concentrations of penicillin G, the UV-Vis absorption spectra of TEM-1 β-lactamase were recorded at 278 K ( Fig. 1A and B ). As demonstrated in Fig. 1A , the UV-Vis absorption spectrum of the penicillin G-TEM-1 system was markedly different to that of penicillin G and TEM-1 β-lactamase, indicating the formation of new complexes between penicillin G and TEM-1 β-lactamase (29) . As demonstrated in Fig. 1B , the UV-Vis absorption of TEM-1 β-lactamase increased and a slight red-shift occurred as the concentration of penicillin G increased, indicating that the interaction between penicillin G and TEM-1 β-lactamase resulted in subtle conformational changes of TEM-1 β-lactamase. Similar results were also observed in the UV-Vis absorption spectra of the cefalexin-and cefoxitin-TEM-1 systems (data not shown). A hyperchromic effect and slight red-shift of the maximum absorption peak were also separately observed with increasing cefalexin or cefoxitin concentrations in solution (data not shown). These results indicated that the three β-lactam antibiotics were all able to bind with TEM-1 β-lactamase and form stable complexes.
Fluorescence quenching. The fluorescence quenching by three antibiotics contributed to the study of the mechanism of the interaction between enzymes and antibiotics and allowed for the calculation of binding parameters. As demonstrated in Fig. 2A and B, the fluorescence intensity of TEM-1 β-lactamase decreased with the increase in penicillin G concentration, although no marked changes occurred in the peak shape and position. The emission of TEM-1 β-lactamase peaked at 342 nm, whereas the emission of penicillin G peaked at 270 nm (data not shown). Furthermore, the fluorescence emission of penicillin G was very weak, meaning that there was no interference in the fluorescence spectroscopies of penicillin G and TEM-1 β-lactamase. Additionally, the fluorescence emission of TEM-1 β-lactamase was also demonstrated to be excited at a wavelength of 278 nm, and it was constantly higher than that at a wavelength of 295 nm (Fig. 2 ). This result is consistent with the fact that tryptophan, tyrosine and phenylalanine residues are all fluorogenic at 278 nm, whereas only the tryptophan residues are fluorogenic at 295 nm (30) .
The intensity of protein fluorescence may be decreased by a wide variety of processes (31) . Such decreases in intensity are called quenching. It may be inferred that penicillin G may bind to and interact with TEM-1 β-lactamase and form a new complex, eventually leading to the fluorescence quenching of TEM-1 β-lactamase (32) . Similar fluorescence quenching was also observed in the presence of cefalexin and cefoxitin (data not shown).
Fluorescence quenching data are usually analyzed by the Stern-Volmer equation (33) shown below: where F 0 and F are the steady-state fluorescence intensities in the absence and presence of a quencher, respectively, K SV is the Stern-Volmer quenching constant, [Q] is the concentration of the quencher, k q is the bimolecular quenching rate constant and τ 0 is the lifetime of the fluorophores in the enzyme molecules in the absence of quenchers, which is 10 -8 sec for large biomolecules, such as proteins and enzymes (33) .
After drawing the Stern-Volmer fitted curve of TEM-1 β-lactamase with penicillin G at 278 (Fig. 3 ), and the other two similar fitted curves at 283 and 288 K, the K SV and k q parameters were derived from the slope of equation (i), as demonstrated in Table I . The K SV values gradually decreased with increasing temperature for all three antibiotics and the rate constants k q were all greater than the collisional quenching rate constant of biological macromolecules (2.0x10 10 l/mol/s) (34) . Therefore, TEM-1 β-lactamases experienced a static quenching by the three antibiotics.
Binding constant and the number of binding sites. Fluorescence quenching of TEM-1 β-lactamases by the three antibiotics demonstrated static quenching, and the following equation may be used to further derive two characteristic parameters, the binding constant (K a ) and the number of binding sites per TEM-1 (n) (35):
According to equation (ii), the linear fittings of log [(F 0 -F)/F] vs. log [Q] were able to be performed at 278, 283 and 288 K. The linear fitting at 278 K is demonstrated in Fig. 4 . Following this, the two characteristic parameters, K a and n, were separately derived from the intercepts and slopes of these linear plots, and are demonstrated in Table II . The results indicated that as the temperature increased from 278 to 288 K, the K a of penicillin G decreased from 1.41x10 7 to 7.62x10 6 , and the number of binding sites was ~1 at all temperatures. These observations indicated that penicillin G, cephalexin and cefoxitin were able to bind to TEM-1 β-lactamase at only one binding site, and that penicillin G had the highest binding affinity to TEM-1 β-lactamase, followed by cefalexin and cefoxitin, respectively. In addition, the decrease in K a with increasing temperature suggested that the temperature change affected the binding of these antibiotics to TEM-1 β-lactamase, with weaker binding affinities associated with higher temperatures.
Thermodynamic data and binding force. Whether the binding of enzymes with their ligands is able to occur spontaneously, in theory, depends on the free energy change (ΔG) of the system (36) . It is an advantage to spontaneous binding when ΔG is negative. During the binding of enzymes with their ligands, there are four types of non-covalent interactions: Hydrogen bonds, hydrophobic interactions, electrostatic interactions and Van der Waals forces (36) . Furthermore, the binding form may be identified based on the values of enthalpy changes (ΔH) and entropy changes (ΔS). According to the Ross law, ΔH>0 and ΔS>0 indicates that the main interaction force is a hydrophobic interaction, ΔH<0 and ΔS>0 indicates that the main interaction force is electrostatic interaction, and ΔH<0 and ΔS<0 indicates that the main interaction forces are hydrogen bond interaction and Van der Waals forces (36). Therefore, it is possible to determine the binding force types between TEM-1 β-lactamase and antibiotics. The ΔH and ΔS may be derived by the following Van't Hoff equation:
where R (8.314 J/K/mol) is the gas constant, T is the experimental temperature and K a is the binding constant at the corresponding temperature (T). Therefore, ΔH and ΔS may be obtained from the intercept and slope of the linear plot of lnK a vs. 1/T, respectively. Additionally, ΔG may be further obtained using the following equation: ΔG=ΔH-T·ΔS.
Using the K a in Table II , the ΔH, ΔS and ΔG for the binding of TEM-1 β-lactamases with the three antibiotics at three experimental temperatures were obtained (Table III) . The results demonstrated that the ΔG were all <0, suggesting that all the binding of the TEM-1 enzyme with the three antibiotics was spontaneous. Furthermore, all ΔH and ΔS values were <0, indicating that all binding between TEM-1 β-lactamase and the three antibiotics was driven by enthalpy change. Additionally, all binding forces between TEM-1 β-lactamase and the three antibiotics were predominantly hydrogen bonds and Van der Waals forces.
Apparent activation energy.
A reactant molecule may reach its activated state only through direct effective collision (37) . The lowest amount of energy that is required for an ordinary molecule to become an activated molecule with sufficient energy is called apparent activation energy (37) . This apparent activation energy in the reaction process may be obtained through the Arrhenius equation, as follows: Table I . Stern-Volmer quenching parameters of TEM-1 β-lactamase with penicillin G, cefalexin and cefoxitin at three different temperatures. Table II . K a values and n of TEM-1 β-lactamase with penicillin G, cefalexin and cefoxitin at three different temperatures. In this equation, A is the pre-exponential factor, ∆E a is the apparent activation energy and k q is the reaction rate constant at reaction temperature (RT). The following equation may be obtained by taking the logarithm on both sides of equation (iii): Therefore, through a linear plot of lnk q vs. 1/T, it is possible to derive ∆E a from the slope of the line.
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The fluorescence quenching rate constants, k q , of TEM-1 β-lactamase by three antibiotics at 278, 283 and 288K were introduced into the above equation, and ∆E a values of penicillin G, cefalexin and cefoxitin were estimated as -43.65, -33.96 and -37.41 kJ/mol, respectively. The ∆E a values of the three binding systems were all negative, suggesting that there was no energy barrier for the binding processes of TEM-1 β-lactamase with the three antibiotics, and that the binding molecules did not require energy to transform from the non-activated to the activated state.
Reaction kinetics may be used to identify reaction mechanisms, predominantly by investigating the details of a reaction process, such as the reaction rate and activation energy. The most fundamental issue with regard to reaction kinetics is involved with the activation energy, which is the difference between the energy of an activated molecule and that of an ordinary (non-activated) molecule in the reaction process (37) .
Energy transfer and binding distance. According to the Förster energy transfer theory, dipole-dipole energy transfer occurs in a non-radioactive form when two types of biomolecules interact with each other, and the excitation energy is transferred from a fluorescent donor to a fluorescent acceptor through electrostatic interactions (38) . This process is determined by three main factors. Firstly, the fluorescent donor (TEM-1 β-lactamase) must fluoresce. Secondly, the fluorescence spectrum of the fluorescent donor must partially overlap with the UV absorption spectrum of the fluorescent acceptor (antibiotics). Lastly, the donor and acceptor must interact with each other in a binding distance <7 nm (38) . The energy transfer efficiency (E) may be calculated as follows: III. Thermodynamic data for the binding processes of TEM-1 β-lactamase with penicillin G, cefalexin and cefoxitin. where r is the binding distance between the donor and the acceptor and R 0 is the critical distance for 50% energy transfer efficiency.
In order to determine R 0 6 , the following equation may be used (v) R 6 0 =8.8x10 -25 x(K 2 ·N 4 ·φ·J). In this equation, K 2 is the space factor of orientation, N is the refracted constant of medium, φ is the fluorescence quantum yield of the donor, and J is the effect of the spectral overlap between the emission spectrum of the donor and the UV absorption spectrum of the acceptor (Fig. 5) . These parameters may be determined using the following equation:
where F (λ) is the fluorescence intensity of the donor in the wavelength range λ-(λ+Δλ), ε(λ) is the extinction coefficient of the acceptor at λ. E may be obtained by using equation (iv).
The following equation is also required:
where A is the absorbance at wavelength λ, D is the transmittance, namely the ratio of the intensity of the transmitted light to that of the incident light, b is the thickness of the light-absorbing medium, and c is the concentration of the light-absorbing material (39, 40) .
In the present case, K 2 =2/3, N=1.336 and φ=0.118. According to equations (iv)-(vii), J, R 0 , E and r may be calculated, as demonstrated in Table IV . The average distance r<8 nm and 0.5 R 0 <r<1.5 R 0 , indicated that there was a high probability of energy transfer from TEM-1 β-lactamase to three antibiotics in a non-radioactive manner when the three antibiotics bound to TEM-1 β-lactamase.
Conformational changes of TEM-1 β-lactamase
Fluorescence quenching by KI. Fluorescence quenching by KI was implemented for the investigation of chromophoric residues on the surface of TEM-1-antibiotic complexes. KI possesses strong polarity, and it only acts on the chromophoric amino acids on the surface of an enzyme molecule, while exerting no effect on the hydrophobic region inside the enzyme molecule (41) .
When a series of different concentrations of KI solution were added into the TEM-1 β-lactamase or TEM-1-antibiotic complex system, fluorescence quenching was analyzed by the modified Stern-Volmer equation, as follows:
, where F 0 , F and [Q] are the same as in equation (i). K MSV is the modified Stern-Volmer quenching constant and f m is the fraction of fluorophore accessible to the quencher. Therefore, by utilizing the plot of F 0 /(F 0 -F) vs. [Q], the parameters, K MSV and f m , were able to be separately obtained by the slope and intercept of equation (viii). In the present study, the concentration of TEM-1 β-lactamase was much lower than the concentration of quencher KI in the binding system. Therefore, the fluorescence quenching of TEM-1 β-lactamase and TEM-1-antibiotic complexes by KI was examined at 278 K and the parameters, K MSV and f m , were determined according to equation (viii) ( Table V) .
The modified Stern-Volmer quenching constant, K MSV , is the reciprocal of the concentration of quencher when the fluorescence intensity of fluorophores is quenched to half of F 0 . Furthermore, a higher K MSV indicates that the chromophoric residues on the surface of the enzyme molecule are more readily accessible to KI, leading to greater quenching (42, 43) . The results in Table V demonstrated that, for the three antibiotics, all the quenching constants K MSV of TEM-1-antibiotic complexes are greater than those of TEM-1 β-lactamase, indicating that the chromophoric residues on the surface of TEM-1-antibiotic complexes are more accessible to KI than those on the surface of the enzyme molecule. This means that a change occurs in the conformation of TEM-1 β-lactamase when it binds with antibiotics to form a TEM-1-antibiotic complex. Furthermore, the results in Table V demonstrated that, for the three antibiotics, the fractions of the TEM-1 fluorophores accessible to the quencher were all greater than those of the TEM-1-antibiotic fluorophores accessible to the quencher. Additionally, upon the formation of the TEM-1-penicillin G complex, the fraction of the fluorophores accessible to the quencher decreases by 22.0%, whereas when cefalexin and cefoxitin bind with this enzyme, the fractions of the fluorophores accessible to the quencher are reduced by 13.1 and 5.4%, respectively. These results indicate that a decreased fraction of the fluorophore is accessible to the quencher upon the binding of TEM-1 β-lactamase with the three antibiotics, and a conformational change takes place in TEM-1 β-lactamase when it binds with the three antibiotics to form TEM-1-antibiotic complexes. Additionally, it was further indicated that, of the three antibiotics, penicillin G exhibited the greatest capacity to alter the conformation of TEM-1 β-lactamase upon binding to the enzyme, whereas cefoxitin demonstrated the least capacity to change the conformation of TEM-1 β-lactamase.
Synchronous fluorescence. Synchronous fluorescence provides information directly related to the molecular environment in the vicinity of the chromosphere molecules (44) . In the present study, when the D-value (Δλ) between the excitation wavelength and emission wavelength were stabilized at 15 or 60 nm, the synchronous fluorescence gave the characteristic information of tyrosine or tryptophan residues (45) . The effect of penicillin Table IV . Binding distance for the binding of TEM-1 β-lactamase with penicillin G, cefalexin and cefoxitin.
Parameter G on TEM-1 β-lactamase synchronous fluorescence spectroscopy is demonstrated in Fig. 6 . The fluorescence quenching degree when Δλ=60 nm was markedly greater than that when Δλ=15 nm. It is apparent from Fig. 6B that the maximum emission wavelength moderately shifts towards long wave when Δλ=60 nm. The shift effect indicated that the conformation of TEM-1 β-lactamase was altered when penicillin G bound to the enzyme. Furthermore, it also indicated that the polarity around the tryptophan residues was increased and the hydrophobicity was decreased. This result agrees with the conformational changes observed by UV-Vis spectra. Furthermore, similar results were observed in the binding of TEM-1 β-lactamases with the other two antibiotics, cefalexin and cefoxitin. Therefore, it may be concluded that a conformational change occurs in TEM-1 β-lactamases when they Table V . Effects of fluorescence quenching of TEM-1 β-lactamase and TEM-1-antibiotic complexes by potassium iodide. bind with the three antibiotics to form TEM-1-antibiotic complexes.
Molecular docking. The binding of the three antibiotics to TEM-1 β-lactamases was simulated by molecular docking. Fig. 7A and B demonstrate the modeling diagram of the molecular docking for the binding of penicillin G to the TEM-1 β-lactamase. In the active domain of TEM-1 β-lactamase, residues Gly236, Gly238 and Asn170 are located in the periphery region, while Ser235, Arg244, Ala237, Ser70, Ser130 and Asn132 are located in the inside region to form a stable hydrophobic space, namely an active 'pocket' (11) . Penicillin G is an aromatic compound that contains a β-lactam ring and a hydroxyl group linked to the terminus of the chain-like molecule (46) . The β-lactam ring is located inside the pocket, while the benzene ring on the side chain is located outside the pocket (47) . The penicillanate nucleus, 7-C-O, on the β-lactam ring forms three hydrogen bonds with Ala237, Ser70 and Ser130 of the enzyme. The results from the present study demonstrated that the acetophenone amide group, 1-C-O, on the side chain forms a hydrogen bond with Asn132, while the carbonyl group at position 2 forms two hydrogen bonds with the Arg244 and Ser235 residues of the enzyme. Thus, six amino acids of the enzyme participate in the binding of penicillin G to TEM-1 β-lactamase and form a total of 6 hydrogen bonds. Docking simulations were also performed for cefalexin and cefoxitin using the same method. The results demonstrated that four amino acids of TEM-1 β-lactamase participated in the binding of cefalexin to TEM-1 β-lactamase and five hydrogen bonds were formed. For the binding of cefoxitin to TEM-1 β-lactamase, three amino acids were involved three hydrogen bonds were formed. Therefore, the molecular docking simulation visually presented the binding processes of the three antibiotics to the TEM-1 β-lactamases, revealing the number of binding sites and the type of binding between the TEM-1 β-lactamase and the antibiotic substrates, the binding form and strength between the functional groups of the antibiotics and the amino acids of the TEM-1 β-lactamase.
The energies of the binding complexes of TEM-1 β-lactamases with penicillin G, cefalexin and cefoxitin were summarized in Table VI . The results in Table VI demonstrated that, during the binding processes, all ΔG values were negative for each antibiotic, indicating that all binding was spontaneous. Additionally, despite a negligible amount of electrostatic energy (ΔE 3 ), hydrogen bonds and Van der Waals energies (ΔE 2 ) accounted for nearly the entire intermolecular interaction energy (ΔE 1 ) in the binding processes. This demonstrated that the three antibiotics possessed different binding capacities to the TEM-1 β-lactamase, with penicillin G possessing the greatest binding capacity and cefoxitin displaying the weakest binding capacity to the enzyme.
The difference in binding capacity was caused by the difference in the structure of the antibiotics. Although penicillin G, cefalexin and cefoxitin all belong to the class of β-lactam antibiotics, penicillin G contains a β-lactam ring that is fused with a thiazolidine ring, while cefalexin contains a β-lactam ring that is fused with a hydrogenated thiazine ring (48) . The three antibiotics all contain a primary amine group that is able to bind to various acyl groups. These acyl groups exhibit marked differences due to different positions and side chain structures (49) . The introduction of acyl side chains in different structures may regulate the antibacterial spectrum, the binding mode on the enzyme, the antibacterial activity and the physiochemical properties of the antibiotics (46) . Furthermore, the cefaxitin nucleus contains a methoxy group on its 7-C, which blocks the access of the β-lactam ring and reduces the affinity of the antibiotics to enzymes, and thereby protects the β-lactam ring from being destroyed (50) . Consequently, cefoxitin demonstrated the weakest binding with the TEM-1 β-lactamase.
In conclusion, recognition and binding of TEM-1 β-lactamase with three β-lactam antibiotics, including penicillin G, cefalexin and cefoxitin, was investigated by fluorescence and UV-Vis absorption spectra in combination with molecular docking under simulated physiological conditions. The Stern-Volmer quenching (K sv ) and binding constants (K a ), number of binding sites (n), binding distance (r) and thermodynamic data (ΔG, ΔH and ΔS) were determined at three different temperatures. The results demonstrated that the fluorescence emissions of the TEM-1 β-lactamase were extinguished by static quenching and the energy was transferred from the enzyme to the antibiotics in a non-radioactive manner. All binding of the TEM-1 β-lactamase with the three antibiotics was a spontaneously exothermic process without an energy barrier. Furthermore, the binding was driven by enthalpy change and the binding forces between them were predominantly hydrogen bonding and Van der Waals forces. TEM-1 β-lactamase only bound with one antibiotic at a time with an affinity order of penicillin G > cephalexin > cefoxitin and the binding capacity between them was closely related to the functional groups and flexibility of the antibiotics. In addition, it was also demonstrated that a conformational change occurred in the TEM-1 β-lactamases when they bound with the three antibiotics to form a TEM-1-antibiotic complex. Therefore, the present study provided an important insight into the recognition and binding of TEM-1 β-lactamase with β-lactam antibiotics, which may be useful for designing a novel substrate for TEM-1 β-lactamase and developing novel antibiotics resistant to the enzyme. Energy parameter, kJ/mol ----------------------------------------------------------------------------Antibiotic ΔG, binding energy change in the binding process, which is calculated in water solvent using a scoring function; ΔE 1 , intermolecular interaction energy, which is a sum of Van der Waals, hydrogen bonding, desolvation free and electrostatic energies; ΔE 2 , sum of Van der Waals, hydrogen bonding and desolvation free energies; ΔE 3 , electrostatic energy.
